Abstract-A stereoselective method for alkylation of bicyclo[2.2.2]octenones and their 3,3-sigmatropic shift leading to cis-decalins containing various types of appendages is described. A simple and convenient method for the introduction of a butenyl chain onto the bicyclooctenones employing 1,4-dibromobutane as an equivalent of 4-bromobutene, was developed.
Introduction
There has been a considerable interest 1,2 in the development of stereoselective methods for the synthesis of functionalised cis-decalin ring systems due to the occurrence and isolation 3 of many natural products such as plathyterpol 4 1a, the clerodane diterpene 1b 5 and arenarol 2 6 that contain a cis-decalin framework. In addition to a cis-decalin core with contiguous stereocentres, many clerodanes contain a fivecarbon side chain having a methyl group at C-13 whose introduction poses considerable synthetic problems. While, the syntheses of plathyterpol 1a and the acid 1b have not been reported yet, in general, the introduction of such type of side chains in a decalin framework is done via extension in a multi-step sequence. 7 In this context, it was envisioned that the side chains present in 1a,b and other related compounds may be prepared in a more efficient manner if a four carbon unit containing an oxo group at C-13 such as in 3, is present on the cis-decalin scaffold.
In view of the above and to expand the scope of our recently reported method for the synthesis of cis-decalins, 8 we decided to develop a stereoselective route to cis-decalins such as 4 and 5 having a four-carbon chain at C-9, and 6 containing a benzyl side chain as model systems (Scheme 1). It was further thought that such cis-decalins would be obtained via a 3,3-shift in bicyclo[2.2.2]octenones of type 7 and 8 followed by further manipulation. The precursors 7 and 8 were thought to be derived from the readily available ketone 9. 8 We wish to report herein a stereoselective method for the synthesis of bicyclo[2.2.2]octenones 7 and 8 and their transformation to advanced cis-decalins 4-6 from a common precursor.
Results and discussion
Towards the aforementioned objective, alkylation of the ketone 9 8 with 4-bromobutene was attempted. Thus, the ketone 9 was treated with 4-bromobutene in the presence of sodium hydride-THF. However, no alkylation was observed and the unreacted starting material was recovered. Moreover, the aforementioned alkylation in the presence of various bases such as LDA and KO t Bu under a variety of experimental conditions, also proved to be futile. Furthermore, attempts towards the Michael addition of the ketone 9 with methyl vinyl ketone were also unsuccessful (Scheme 2).
It was very difficult to rationalize the aforementioned failure since a few instances of alkylation with 4-bromobutene, especially with more stabilized carbanions, have been reported. 9 It was not clear as to whether the failure was due to the unreactivity of 4-bromobutene or the steric bulk of the electrophile, or some other problem. In order to gain some insight into this, alkylation of 9 with an unactivated electrophile such as 5-bromopentene was examined. It was interesting to observe that the treatment of 9 with NaH-THF followed by addition of 5-bromopentene led to a smooth and clean reaction (TLC). Chromatography of the product mixture on silver nitrate impregnated silica gel, furnished the compound 11 in good yield having the alkyl chain in syn orientation as a result of stereoselective alkylation (Scheme 3). The structure and stereochemistry of the alkylated product was deduced from it's spectroscopic data and comparison with analogous compounds. The orientation of the alkyl chain is revealed from the chemical shift of the methyl group a-to the ketone. In general the methyl group in syn isomer appears at relatively down field compared to the anti isomer in such type of bicyclo[2.2.2]octenones. 8 The syn orientation of pentenyl group in 11 was suggested from the chemical shift of the methyl group a-to the ketone which exhibited a signal at d 1.05 (s, 3H). This chemical shift compares well with other syn isomers of this series such as 7 and 12 (vide infra).
This result clearly indicated that neither the steric bulk nor the reactivity of the electrophile could be the reason for the failure of alkylation with 4-bromobutene; perhaps the propensity of 4-bromobutene to undergo base promoted decomposition 10 during the alkylation might be responsible.
The aforementioned observation led us to think that the desired compound 7 might be obtained via alkylation of the ketone 9 with 1,4-dibromobutane and subsequent dehydrohalogenation. At the outset, we were aware that the formation of product 13 as a result of bis-alkylation might pose a considerable problem. Keeping this in mind, a mixture of the ketone 9 and sodium hydride in tetrahydrofuran was treated with an excess of 1,4-dibromobutane at 80 8C. Indeed, it was gratifying to obtain the compound 12 (60%) [mixture of syn-anti (85:15), 1 H NMR] as a major product along with minor amounts of 7 (3%) and the bis-alkylated product 13 (w5%). The treatment of 12 with KO t Bu in t butanol, followed by chromatography on the silver nitrate impregnated silica gel gave the desired compound 7 in reasonable yield (40%). Thus, 1,4-dibromobutane proved to be a good electrophile that is devoid of the problems during alkylation (encountered with 4-bromobutene) as well as an inexpensive equivalent of 4-bromobutene. Similarly, the ketone 9 was also alkylated with benzyl bromide to furnish the benzyl derivative 8 as a major product (Scheme 3). Such type of p-facial selectivity during alkylation of bicyclooctenones has also been observed earlier. 11,12a It may be worth mentioning that while the alkylation of bridged bicyclic ketones with allyl-and propargyl halides have been reported from our own as well as other groups, 12 the introduction of a four carbon chain via alkylation is relatively less documented.
After having developed a simple method for the synthesis of bicyclic systems 7 and 8, we examined their Cope rearrangement. It may be noted that reversibility in the Cope rearrangement often limits its synthetic potential. 13 In general, this difficulty is overcome by employing its oxyanion version, 14 whereas the corresponding Cope rearrangement in bridged bicyclic systems is not so well known. We contemplated that the presence of a carbonyl group in the bicyclo[2.2.2]octenones 7 and 8 might help in driving the equilibrium towards cis-decalins because of generation of a conjugated system.
In view of the above, a solution of 7 in diphenyl ether was heated at 195 8C for about 12 h to give the compound 4. Wacker oxidation of 4 furnished the desired cis-decalin 5 (Scheme 4) whose structure was clearly revealed from spectroscopic data. Similarly, the Cope rearrangement of 8 gave the compound 6 having a cis-decalin core with a benzyl side chain related to natural products such as arenarol 3.
Conclusion
In summary, a general and stereoselective route to a variety of bicyclo[2.2.2]octenones and cis-decalins from a common precursor is described. Our methodology provides, a simple method for the introduction of a four-or five-carbon chain onto a bicyclo[2.2.2]octenone. 1,4-Dibromobutane has been shown to be a good equivalent of 4-bromobutene, an expensive reagent that is reluctant to undergo alkylation. with thin layer chromatography and spots were visualized with iodine vapor. Column chromatography was performed using SRL/Thomas Baker silica gel (60-120 and 100-200 mesh) and silver nitrate impregnated silica gel. The elution was done with petroleum ether (60-80 8C) and ethyl acetate mixture.
4.1.1. 3-syn-Pent-4-enyl-3,5-dimethyl-7-endo-vinylbicyclo[2.2.2]oct-5-en-2-one (11) . Sodium hydride (250 mg of 60 w/w% suspension in oil, excess) was placed in a dry two necked flask and washed with dry petroleum ether, and tetrahydrofuran (1 mL) was added to it. A solution of ketone 9 8 (80 mg, 0.45 mmol) in tetrahydrofuran (3 mL) was added slowly to the reaction mixture and the reaction mixture was refluxed for 1 h. 5-Bromopentene (0.4 mL, excess) was then added to the reaction mixture and the reaction mixture was further refluxed for 6 h. The reaction mixture was then cooled and quenched by careful addition of water and it was filtered on a celite pad. The filtrate was then concentrated under vacuum. The residue was diluted with water (6 mL) and extracted with ether (3! 5 mL). The combined extract was washed with water (5 mL), brine (5 mL 147.24, 141.10, 138.19, 116.81, 114.93, 113.95 (six olefinic carbons), 54.56, 46.32, 45.55, 39.61, 37.34, 34.10, 28.16, 23.36, 21.30, 20.77 
3-(4-
.2]oct-5-en-2-one (12). Sodium hydride (1.5 g of 60 w/w% suspension in oil, excess) was placed in a dry two necked flask and washed with dry petroleum ether, and tetrahydrofuran (5 mL) was added to it. A solution of ketone 9 (320 mg, 1.81 mmol) in tetrahydrofuran (10 mL) was added slowly to the reaction mixture and refluxed for 1 h. 1,4-Dibromobutane (0.8 mL, excess) was then added to the reaction mixture and it was further refluxed for 6 h. The reaction mixture was then cooled and quenched by careful addition of water and it was filtered on a celite pad. The filtrate was then concentrated under vacuum. The residue was diluted with water and extracted with ether (3!10 mL). The combined extract was washed with water (10 mL), brine (10 mL) and dried over anhydrous sodium sulphate. 
4.1.3.
3-syn-But-3-enyl-3,5-dimethyl-7-endo-vinylbicyclo[2.2.2]oct-5-en-2-one (7). To a solution of the compound 12 (150 mg, 0.48 mmol) in tertiary butanol (6 mL) was added potassium tertiary butoxide (162 mg, 1.45 mmol) and the reaction mixture was heated at 85 8C for 6 h. The reaction mixture was brought to room temperature and a saturated solution of NH 4 Cl was added and extracted with ethyl acetate (3!5 mL). The combined organic layer was washed with brine (5 mL) and dried over anhydrous sodium sulphate. Removal of solvent and chromatography [petroleum ether-ethyl acetate, (98: 2)] of the residue on silver nitrate impregnated silica gel furnished the compound 7 (44 mg, 40%) as a colorless liquid. 147.21, 141.22, 138.29, 117.12, 114.80, 114.19 (six olefinic carbons), 54.68, 46.67, 45.56, 39.77, 37.21, 28.59, 28.34, 21.51, 20.82 4.1.4. 3-syn-Benzyl-3,5-dimethyl-7-endo-vinyl-bicyclo-[2.2.2]oct-5-en-2-one (8) . Sodium hydride (150 mg of 60 w/w% suspension in oil, excess) was placed in a dry two necked flask and washed with dry petroleum ether, and tetrahydrofuran (1 mL) was added to it. A solution of ketone 9 (100 mg, 0.56 mmol) in tetrahydrofuran (3 mL) was added slowly to the reaction mixture and the reaction mixture was refluxed for 1 h. Benzyl bromide (0.8 mL, excess) was then added to the reaction mixture and the reaction mixture was further refluxed for 8 h. The reaction mixture was then cooled and quenched by careful addition of water and it was filtered on a celite pad. The filtrate was then concentrated under vacuum. The residue was diluted with water and extracted with ether (3!5 mL). The combined extract was washed with water (5 mL), brine (5 mL) and dried over anhydrous sodium sulphate. Removal of solvent and column chromatography [petroleum etherethyl acetate, (99:1)] of the residue on silica gel first gave a mixture (syn-anti) of alkylated products (120 mg, 80%). The syn-anti mixture was subjected to further chromatography on silver nitrate impregnated silica gel. Elution with petroleum ether-ethyl acetate (99:1) first gave the mixture of the syn-anti isomers followed by the syn isomer 8 (98 mg, 65%) as a colorless liquid. 147.86, 141.18, 137.43, 131.01, 128.02, 126.45, 117.63, 114.07 (aromatic and olefinic carbons), 54.98, 46.88, 45.67, 43.30, 39.58, 28.41, 21.68, 21.50 5, 8, . A solution of the compound 7 (100 mg, 0.43 mmol) in diphenyl ether (5 mL) was heated at 195 8C in a sealed tube for 12 h, after which it was brought to room temperature. 158.6, 138.7, 126.04, 126.01, 123.3, 114 (six olefinic carbons), 48.4, 38.5, 36.2, 34.8, 34.2, 29.3, 29.1, 22.4, 21. 4.1.6. 1,4a-Dimethyl-1-(3-oxo-butyl)-4a,5,8,8a-tetrahydro-1H-naphthalen-2-one (5). PdCl 2 (3 mg), cuprous chloride (7 mg) and water (0.1 mL) were taken in DMF (0.1 mL) and oxygen was bubbled into the reaction mixture for 20 min. A solution of the compound 4 (8 mg, 0.034 mmol) in DMF (0.2 mL) was added to the reaction mixture and the contents were stirred at room temperature in an oxygen atmosphere. After 14 h the reaction mixture was quenched with 10% HCl and it was extracted with ether (3!4 mL). The combined organic layer was washed with brine (3 mL) and dried over anhydrous sodium sulphate. Removal of solvent followed by chromatography [petroleum ether-ethyl acetate (90:10) 47.98, 39.34, 39.28, 34.76, 34.32, 30.64, 29.87, 29.18, 22.52 and 20.80 4.1.7. 1-Benzyl-1,4a-dimethyl-4a,5,8,8a-tetrahydro-1H-naphthalen-2-one (6) . A solution of the compound 8 (75 mg, 0.28 mmol) in diphenyl ether (4 mL) was heated at 195 8C in a sealed tube for 10 h, after which it was brought to room temperature. The reaction mixture was chromatographed on silica gel. Elution with petroleum ether first gave diphenyl ether. Further elution with petroleum ether-ethyl acetate (98:2) furnished the Cope rearranged product 6 (36 mg, 48%) as a solid.
IR (neat)
Mp 90-92 8C. IR (film) n max : 1663 cm K1 . 1 H NMR (300 MHz, CDCl 3 ): d 7. 3H, aromatic protons), 2H, aromatic protons), 6.63 (d, JZ10 Hz, 1H , b proton of a,b-enone moiety), 5.82 (d merged with multiplet, JZ10 Hz, 2H, olefinic protons), 5.70-5.63 (m, 1H, olefinic proton), 3.52 (part of an AB system, J AB Z 13.5 Hz, 1H,), 2.55 (part of an AB system, J AB Z13.5 Hz, 1H), 2.29-2.24 (m, 2H), 2.11 (part of an AB system, J AB Z 18 Hz, 1H), 1.95-1.84 (multiplet of part of an AB system, J AB Z18 Hz, 2H), 1.11 (s, 3H, CH 3 ), 1.00 (s, 3H, CH 3 ). 13 C NMR (100 MHz, CDCl 3 ): d 203.94 (CO), 159.41, 138.80, 130.36, 128.18, 126.29, 126.22, 126.14, 123.50 (aromatic and olefinic carbons), 50.83, 43.05, 37.87, 35.20, 34.30, 28.75, 23.14, 21.61 
